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PREFACE

This report is published as Supplement 8 to the Apollo 9 Mission

Report (MSC-PA-R-69-2).
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PURPOSEANDSCOPE

Thepurposeof this report is to present the results of the postflight

analysis of the DescentPropulsion System(DPS)performanceduring the

Apollo 9 Mission. Theprimary objective of the analysis was to determine

the steady-state performanceof the DPSunder the environmental conditions

of actual space flight.

This report documentsadditional analysis of the DPS. Preliminary

findings were reported in Reference i. This report also brings together

information from other reports andmemorandumsanalyzing specific anomalies

and performance in order to present a comprehensivedescription of the DPS

operation during Apollo 9.

The following items are the major additions to, or changesfrom, the

results as reported in Referencei:

l) Theperformancevalues for the f_rst DPSburn are revised.

2) Theanalysis techniques, problemsand assumptionsare discussed.

3) The flight analysis results are comparedto the preflight per-

formanceprediction.

4) The Propellant Quantity GagingSystemperformanceis discussed

in greater detail.

5) The start and shutdowntransient performancefor DPSoperation

are included.



SUMMARY

Theperformanceof the LM-3DescentPropulsion Systemduring the

Apollo 9 Mission was evaluated and found to be satisfactory.

Thedrop in the regulator outlet pressure experiencedduring the early

portion of the first burn has beenattributed to a blockage in the internal

heat exchangerof the supercritical helium tank. This blockage occurred

during prelaunch servicing. Theblockage cleared approximately 35 seconds

after ignition. Theoperation of the pressurization systemduring the

remainder of the burn was considered satisfactory.

Theengine thrust chamberpressure oscillations experiencedduring

the secondengine burn has been attributed to helium ingested in the engine

propellant feed lines. This occurred due to either lateral or rotational

maneuveringof the LMafter separation from the CSMwhile the zero gravity

propellant retention screenswere not covered, thus allowing helium to

be ingested into the engine. Thechamberpressure stabilized prior to

the end of the burn and the third burn wasnormal.

A helium leak developedin the supercritical helium systemafter launch.

This leak wasattributed to a line brazing failure which occurred due to

the shock causedby the activation of the isolation squib valve.

Thesteady-state performancewasdeterminedby analyzing a segmentof

the FTPportion of operation during the first burn using the Apollo Pro-

pulsion Analysis Program. Thrust, specific impulse and mixture ratio

were within the predicted three sigma limits.

The engine performancecorrected to standard inlet conditions for the

FTPportion of the first burn wasas follows: thrust, 9809pounds,

specific impulse, 303.3 seconds, and propellant mixture ratio, 1.593. These

values are 0.31, 0.i0, and 0.0 percent different, respectively, from the



values reported from acceptancetests of the engine and were within speci-

fication limits.

The Propellant Quantity Gaging Systemappearedto be within the pre-

dicted accuracy with the exception of the Oxidizer TankNo. 2 probe. This

gage appearedto have a bias of at least 1.2%.

Basedon the results of this analysis and recent ground tests, it is

concludedthat for performancepredictions, the degradation of specific

impulse with respect to throat erosion at FTPshould be increased.



INTRODUCTION

TheApollo 9 Mission was the ninth in a series of flights using speci-

fication Apollo hardware. It was the secondflight test and the first manned

flight of the Lunar Module (LM). Themission was the third mannedflight

of Block II Commandand Service modules (CSM)and the secondmannedflight

using a Saturn V launch vehicle. The overall objectives of the mission

were to evaluate crew operations of the Lunar Moduleand to demonstrate

dockedvehicle functions in an earth orbital mission, thereby qualifying

the combinedspacecraft for lunar flight. Combinedspacecraft functions

included CommandModuledocking with the LunarModule, spacecraft ejection

from the launch vehicle, five Service Propulsion System(SPS)firings while

docked, a dockedDescentPropulsion System(DPS)firing, and extravehicular

crew operation from both the lunar and commandmodules. Lunar moduleoper-

ations included a complete rendezvousand docking profile and anAscent

propulsion System(APS)firing to propellant depletion.

The spacevehicle was launched from the KennedySpaceCenter (KSC)

at ii:00:00 a.m. (EST)on March 3, 1969. Following a normal launch phase,

the S-IVB stage inserted the spacecraft into an orbit of 102.3 by 103.9

nautical miles. The CSMdockedwith the LMand the dockedspacecrafts were

ejected from the S-IVB approximately four hours after launch. During the

next 25 hours, four SPSburns were performed. Approximately 50 hours after

launch, the first DPSmaneuver,the dockedburn, was performed. Theburn

duration was 369.7 secondsand resulted in a velocity changeof 1741.7

ft/sec. Thedockedburn included long fixed throttle position (FTP)

operation andmanual throttling. TheSPSwasagain fired approximately

five hours later. At 92:39:36 groundelapse time (GET)the spacecrafts

were separated in preparation for the rendezvousmaneuvers. At approximately



94 hours after launch, the DPSperformed a phasing maneuverburn, 19.7

secondsin duration and accomplishing a velocity changeof 89.3 ft/sec.

This burn beganat the minimumthrottle setting and endedat approximately

40%throttle. Twohours later the DPSperformed an insertion maneuver

burn of 22.3 secondsat the minimumthrottling setting. Thevelocity change

was 42.2 ft/sec. The insertion maneuverendedthe DPSmission duty cycle.

The descent stage wasseparated from the ascent stage a short time later.

TheAPSperformed two firings, the latter being to propellant depletion and

the SPSperformed three moreburns during the subsequentportion of the

mission.

The actual ignition and shutdowntimes for the three DPSfirings are

shownin Table i. The throttling profiles for the first and secondDPS

maneuversare shownin Figures i and 2.

TheApollo 9 Mission utilized LM-3which wasequippedwith DPSEngine

S/N 1030. The engine and feed system characteristics are presented in

Table 2.

EachDPSburn wasprecededwith a two jet +X LMReaction Control System

(RCS)ullage maneuverto settle propellants.

Therewere two Apollo 9 Mission Detailed Test Objectives (DTO)speci-

fically related to the DPS.

MII.6 LMPGNCS/DAPPerformanceand Thrust Performance.

The functional test objectives of this DTOwere:

i) Verify the ability of the Digital Auto Pilot (DAP)to

control rates and altitudes during dockedand undocked

DPSfirings.

2) Evaluate the accuracy of thrust vector control (TCV)



using the DPSwith the PGNCSDAPgimbal trimming capability

active.

3) Verify that DPSthrust transient response to manual

throttle commandsis satisfactory for the lunar landing

mission.

M13.12DPSBurn Duration Effects and Primary Propulsion/Vehicle

Interactions.

The functional test objectives of this DTOwere:

I) Demonstratethat a long duration burn at the fixed throttle

point (FTP) can be satisfactorily accomplishedin the space

environment.

2) Verify that engine performanceprediction techniques are

adequatefor lunar mission performancepredictions.

3) Verify the DPSpropellant feed, pressurization and pro-

pellant gaging systemfor the lunar landing mission.

4) Verify that no adverse propulsion/vehicle interactions

exist in spaceenvironment.

Thedetailed requirements of this objective are described in Reference2.



STEADY-STATEPERFORMANCE

Analysis Technique

Themajor analysis effort for this report was concentrated on determ-

ining the flight steady-state performanceof the DPSduring the fixed throt-

tle position (FTP)modeof operation of the first burn (Docked). The

throttled portions of the first burn, the second (Phasing) burn and third

(Insertion) burn were of insufficient duration at a given throttle position

to allow for a meaningful detailed performanceanalysis. The performance

analysis wasaccomplishedby use of the Apollo Propulsion Analysis Program

which utilizes a minimumvariance technique to "best" correlate the available

flight and ground test data. Theprogramembodieserror models for the

various flight and ground test data that are used as inputs, and by itera-

tive methodsarrives at estimations of the systemperformancehistory and

propellant weights which "best" (minimum-variancesense) reconciles the

available data.

Analysis ProgramResults

TheApollo Propulsion Analysis Programresults presented in this report

are basedon simulations using data from the flight measurementslisted in

Table 3. Comparisonof the inflight chamberpressure to the engine accep-

tance test and computedvalues indicates that the flight transducer mayhave

incurred a zero shift and drift error probably due to thermal effects during

the burn. Chamberpressure transducer errors (as great as 2%)due to ther-

mal effects have beennoted in ground tests although not to the degreeseen

on the LM-3flight. Becauseof this apparent error, the flight chamber

pressure could not be used in the performanceanalysis. Figure 3 presents

the measuredchamberpressure during the initial and throttling portions



of the dockedburn. The propellant densities were calculated from sample

specific gravity data from KSC,flight bulk propellant temperatures of 69°F,

assumedinterface temperatures of 69°F and 65.5°F for the oxidizer and fuel

respectively, and the flight interface pressures. The measuredinterface

temperatureswere questionable in absolute magnitudesince the bulk oxi-

dizer temperature did not agree with the interface oxidizer temperature.

It was, therefore, assumedthat the interface temperatureswere biased but

that the difference in temperature betweenthe oxidizer interface and the

fuel interface wascorrect. A difference betweenthe two is expecteddue

to the helium/fuel heat exchanger. The preliminary estimated spacecraft

dampweight (CSMand LMminus the DPSpropellants) at ignition of the

dockedburn was obtained from the Apollo Spacecraft ProgramOffice. The

weight of the CSMwas reducedby approximately 365 ibs basedon performance

analysis of the third SPSmaneuver(Reference5). The dampweight washeld

constant throughout the burn. The initial estimates of the DPSpropellants

on board at the beginning of the analyzed time segmentwasextrapolated

(basedon a simulation of the first portion of the burn) from the loaded

propellant weights.

TheDPSsteady-state performancewasdetermined from the analysis of

a 160-secondsegmentof FTPportion of the burn. Thesegmentof the burn

analyzed commencedapproximately 55 secondsafter DPSignition (FS-I) and

included the flight time between49:42:30 (178950sec) and 49:45:10

(179110sec) G.E.T. The first 55 secondsof the burn were neglected to re-

duce the transient nature of the data resulting from both engine throttling

and a supercritical helium pressurization anomalywhich occurred in the

early portion of the burn. The latter portion of the FTPoperation wasnot

included due to a 0.5 psi step increase in the oxidizer interface pressure.



This pressure increase could not be explained and wasnot substantiated by

other pressure measurements. Further, the computedacceleration trend re-

sulting from this pressure increase did not agree with the measuredaccel-

eration trend.

Theresults of the Propulsion Analysis Programsimulation of the dock-

ed DPSburn are presented in Table 4 along with the preflight predicted

values. Thevalues presentedare end point conditions of the segmentanal-

yzed and are considered representative of the actual flight values through-

out the segment. As can be seen in Table 4, the actual values are, in

general, less than predicted. There are three reasons for this. i) The

regulator outlet pressure used in the predicted performance (supplied by

GAEC)wasapproximately 4 psi higher than measuredin flight. It has been

determined that the inflight value agreeswell with tests performedby the

regulator manufacturer and that calibration errors at the GAECtest facili-

ty were responsible for the erroneous value used in the prediction.

2) Recent tests have indicated that the error modeldescribing the degra-

dation of Isp with respect to engine throat erosion wassomewhatoptimistic.

The modelwasupdatedduring the postflight analysis to reflect a greater

drop in Isp due to throat erosion. 3) Basedon poor acceleration and

pressure trend matchesduring early postflight simulations, it wasdetermined

that the actual engine throat erosion wasgreater than predicted. The

throat erosion rate was thus increased to best match the overall trends of

the available pressure measurements.At the end of the segmentanalyzed,

the throat erosion was 1.1%greater than predicted. For the total burn

time (FS-I + 215 seconds), this difference is well within the 3_ predicted

uncertainty value of 2.1%. Figure 4 presents a comparisonof the predicted

throat erosion and the inflight estimated erosion.



The engine performanceduring the burn wassatisfactory and wasas

expected in view of the decreasedinterface pressures and increased throat

erosion.

Critique of Analysis Results

Figures 5 throumh16 showthe analysis programoutput plots which pre-

sent the filtered flight data and the residual errors, or differences between

the filtered data and the programcalculated values. The figures presented

are thrust acceleration, oxidizer interface pressure, fuel interface pres-

sure, oxidizer delta pressure (from tank bottom to interface), fuel delta

pressure, oxidizer injector inlet pressure, fuel injector inlet pressure,

quantity gaging system for oxidizer tanks 1 and 2, and the quantity gaging

systemfor fuel tanks 1 and 2. The filtered chamberpressure data is also

presentedwithout residual errors since this measurementwasnot used in

the analysis. It is presented to showa magnified view of the transducer

error observed in flight.

A strong indication of the validity of the analysis programsimulation

can be obtained by comparingthe thrust acceleration as determined from the

LMGuidanceComputer(LGC)AVdata to that computedin the simulation.

Figure 5 showsthe thrust acceleration derived from the AVdata and the re-

sidual error betweenthe measuredand computedvalues. The time history

of the residual error has an essentially zero meanand a small, but accep-

table, positive trend.

Several problemswere encounteredwith flight data while analyzing the

steady-state performanceat FTP. Several assumptionswere necessary in

order to obtain an acceptable matchto the flight data. Theseproblemsare

discussedbelow.

Pressures and temperaturesmeasuredin the frequency modulated (FM)

i0



and pulse amplitude modulated (PAM)modes,whendigitized, were subject to

unusual bias and scale effects. Basedon a review of the oscillograph

traces, it was concludedthat these problemswere causedby data reduction.

The source of these problemshas not beendetermined.

Theoxidizer interface temperature (PAM)appearedto be low by approx-

imately 2.7 degreeswhencomparedto the oxidizer bulk temperature (PCM).

Both temperatureswere nearly constant during the entire burn. The fuel

interface temperaturewasapproximately 4 degrees less than the oxidizer

interface temperature. Whereasa difference betweenfuel bulk and fuel

interface temperature is expecteddue to the helium/fuel heat exchanger,

a difference in oxidizer interface and oxidizer bulk temperature is not.

It was thus decided to bias both the interface temperatures by approximately

2.7 degrees.

The delta-pressure measurements(from tank bottom to interface)

appearedlow whencomparedto expectedvalues considering the inflight in-

terface pressures. Their trend with time, however, agreedwell with the

interface pressure trend. Basedon the interface pressures and the measured

acceleration data, the delta-p's were biased up by 1.54 and 0.85 psia for

oxidizer and fuel respectively.

The injector inlet pressure appearedhigh whencomparedto expected

values. A bias downwardof approximately 5 psia was required to adjust

the magnitudeof the measurementsto agree with the interface and gaging

system (i.e. flowrate) measurements.The trends of the injector inlet

measurementsdid not agreewith the trends of the interface pressure or the

delta-p measurements. It is felt that this particular disagreementmaybe

due to data reduction problems rather than actual flight measurementdis-

agreement. This was somewhatsubstantiated by a comparisonof the chamber

ii



pressure as recorded in the PCMmodeto that recorded in the FMmodewhere

a slight trend difference could be seen. Efforts to resolve the FMand

PAMdata reduction problemswill be continued.

The performing of the long DPSburn in the dockedconfiguration severe-

ly compromisedthe capability of the PerformanceAnalysis Programto distin-

guish betweenspacecraft massand engine thrust. This is becausethe rate

of changeof vehicle acceleration is critically small especially whencom-

pared to the normal modeof operation (undocked). Thus, in the analysis,

it wasnecessary to hold the estimate of initial spacecraft weight fixed.

ComparisonWith Preflight PerformancePredictions

Prior to the Apollo 9 Mission the expected inflight performanceof the

DPSwaspresented in Reference4. Thepreflight performancereport was

intended to bring together all the information relating to the entire

DescentPropulsion Systemand simulate its operation in the space environ-

ment.

The predicted steady-state and related three sigmadispersions for the

specific impulse, mixture ratio and thrust during the FTPportion of the

dockedburn is presented in Figure 17. The corresponding analysis program

computedflight performancevalues are also presented for comparison. Both

the thrust and the specific impulse as derived from flight data are less

than predicted. This is becauseof the erroneously high regulator outlet

pressure used in the preflight simulation and the effect of greater throat

erosion than predicted. Themixture ratio is reasonably close to the pre-

dicted value as expectedsince neither throat erosion or regulator outlet

pressure significantly effect mixture ratio. All values are within the

three sigma predicted limits.

12



EnginePerformanceat Standard Inlet Conditions

The flight performanceprediction of the DPSengine wasbasedon the

data obtained from the engine acceptance tests. In order to provide a

commonbasis for comparingengine performance, the acceptance test perform-

ance is adjusted to standard inlet conditions. This allows actual engine

performancevariations to be separated from performancevariations which

are induced by the pressurization system and propellant temperaturevari-

ations. The standard inlet conditions performancevalues were calculated

for the following conditions.

StandardInlet Conditions

Oxidizer interface pressure, psia 221.7

Fuel interface pressure, psia 221.5

Oxidizer interface temperature, °F 70.0

Fuel interface temperature, °F 70.0

Oxidizer density, ibm/ft 3 90.24

Fuel density, Ibm/ft 3 56.45

Thrust acceleration, ibf/ibm 1.0

Throat area, in 2 54.4

The following table presents ground test data and flight test data

adjusted to standard inlet conditions. The differences between the two sets

of performance values as derived from ground test data are because of the

following. I) The difference in throat area assumed. When correcting to

standard inlet conditions, the engine manufacturer bases the computation

on the pre-acceptance test throat area which varies from engine to engine.

The values computed using the DPS characterization were based on the often

quoted reference area of 54.4 square inches. In general, this difference

is small. 2) Density differences. There is a small difference in the

13



- GROUNDTEST FLIGHT

Thrust, ibf

Specific Impulse, sec.

Mixture Ratio

Thrust Coefficient, Cf

Ox. Characteristic

Velocity, C*, ft/sec

Test Facility i

Data Reduction

Program

9736

303.0

1.596

Engine Prediction
Characterizatior_

9779

303.0

1.593

1.780

5476

Analysis

Results

9809

303.3

1.593

1.796

5433

_acific gravities of the propellants used in the engine acceptance tests

and the Apollo 9 Mission. 3) Engine hydraulics resistance differences.

During the acceptance tests, at the time slices selected for data reduc-

tion, the engine hydraulic resistances are computed from the measured

values of interface pressure, chamber pressure, propellant flowrates and

temperature. These resistances are then used in correcting the data to

standard inlet conditions. The computed values of these resistances will

change from time slice to time slice. The values presented in the above

table from Reference 4 are the average of two acceptance test data slices

and are meant to be representative of the engine. The values of the re-

sistances used in the DPS characterization are the result of the summation

of all the data from the acceptance test, thus resulting in a single value

for each of the two resistances which best characterizes the engine. These

values should be used to compute the standard against which the flight re-

sults can be compared.

Since the characterization data is the best estimate of engine charac-

teristics prior to the flight, the differences between it and the flight

IAs reported in Reference 4.

14



data should be within the engine's repeatability, the uncertainty associa-

ted with the characterization, and the uncertainty associated with the

flight analysis results.

Comparingthe engine flight performanceat FTPduring the DockedBurn

corrected to standard inlet conditions against the values as given by the

DPScharacterization showsthe flight data to be 0.31%greater, 0.10%

greater,and 0.0%for thrust, specific impulse andmixture ratio, respect-

ively. Thesedifferences are due to the 0.90%increase in Cf and 0.79%

decrease in C* derived from the flight analysis. Thesedifferences are

well within the engine repeatability uncertainties as well as the per-

formancespecifications.

The difference in thrust maywell be due to a flight analysis

assumptionwith regard to spacecraft weight. Due to the low rate of change

of vehicle acceleration, the estimate of the initial spacecraft weight

wasnot permitted to vary in the analysis, thus permitting the possibility

of someweight error.

Since the Apollo 9 flight was the first opportunity to makea detailed

evaluation of the DPSinflight performance, and since the results of the

analysis were within the expecteddispersions of the preflight analysis,

it is concluded that the only changeto the presently used performance

prediction techniques should be to increase the degradation of specific

impulse with throat erosion at FTP. This conclusion will be reviewed, how-

ever, as ground test and flight test data becomesavailable.

15



SECONDBURNHELIUMINGESTIONI

During the secondDPSmaneuver(phasing burn) engine roughnesswas ex-

perienced for approximately 2.5 secondsas the engine wasbeing throttled

from 12 to 40 percent thrust. The causeof the roughnesshas beenattributed

to engine helium ingestion. Themeasuredchamberpressure for this burn is

presented in Figure 18. The secondDPSburn was initiated at 93:47:34.7

(337654.7sec) GETat the minimumthrottle setting (approximately 12.7%).

Approximately 2.5 secondsafter ignition, the throttle setting wasmanually

increased towards 40%. At 93:47:39.22 (337659.22sec) GET,a bubble of

gaseoushelium and propellant vapor approximately 130 cubic inches in size

began to flow through the oxidizer flow control valve. It has beendeter-

mined that at engine ignition, this gas bubble was located approximately

four feet upstreamof the engine oxidizer interface. The fluid flowing

through the oxidizer flow control valve changedfrom a liquid in cavitation

to compressiblegas flow allowing an increased volumetric flowrate through

the valve. This greatly increased the propellant flowrate, both upstream

and downstream,of the flow control valve. In response to the increased

flow, the oxidizer injector inlet pressure increased from 120 to 215 psia

and the chamberpressure increased from approximately 30 to 40 psia (Figure

19). At the sametime, the oxidizer pressure drop betweentank bottom and

engine interface wasnoted to increase while the oxidizer interface pressure

decreased. It was the increased chamberpressure at 93:47:39.70 (337659.70

sec) GETthat gave the first noticable indication of thrust chamberpressure

oscillations. In response to the chamberpressure increase, the fuel in-

Jector inlet pressure increased from approximately 39 to 54psia. At

93:47:39.70 GET,a secondbubble of gaseoushelium and propellant vapor

iReferences 3, 6 and 7.

16



approximately 65 cubic inches in size reached the fuel flow control valve.

At engine ignition, this bubble was located at the helium/fuel heat ex-

changer. Similar in effect to the oxidizer flow, the fuel injector inlet

pressure increased from approximately 54 to 160 psia, the chamberpressure

increased from 40 to 45 psia, and the fuel pressure drop from tank bottom

to engine interface increased while the fuel interface pressure decreased.

The chamberpressure began to decreaseat 93:47:39.9 (337659.9sec)

GETas the gas bubble beganto flow into the combustionchamber. The

oxidizer and fuel injector inlet pressures reacted due to the low chamber

pressure of approximately i0 psia by decreasing 35 psi and 20 psi below

normalvalues respectively. By 93:47:40.25 (337660.25sec) GET,all helium

had passedthe flow control valves and the engine again reachedsteady

state conditions at 93:47:41.7 (337661.7sec) GET.

The third DPSmaneuver(Insertion Burn) wasperformedwithout a recur-

rence of the helium ingestion observedduring the phasing burn. All system

pressures were smoothand nominal,indicating that the engine had not been

degradedby pressure oscillations. The chamberpressure for the third burn

is presented in Figure 20.

Themost probable way in which the helium could have entered the feed

lines was due to lateral or rotational accelerations on the spacecraft.

Propellant flows from each tank through separate lines which meet at common

points upstreamof the engine interface. The length of these propellant

tank connecting lines is approximately 9.5 feet. Zero gravity propellant

retention devices are located inside the tank and cover the feed line inlets.

Thesezero-g cans have been designedto retain propellant under negative

accelerations equal to at least one earth g if the acceleration vector is

parallel to the tanks. However,if the acceleration is lateral (perpendicular)
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to the tanks and if gas surrounds the retention devices, they are good to

only 0.001 g for oxidizer and 0.003 g for fuel. In the undockedmode,a

lateral movementof the spacecraft using two RCSthrusters would generate

accelerations in excessof 0.003 g due to both engine thrust and accelera-

tion headeffects on the 9.5 feet connecting lines. The total acceleration

has been determined to be as high as 0.01 g. Thus, if a pocket of helium

surrounds the zero g cans, propellant in the connecting lines could be dis-

placed by gas. This condition washighly likely since each tank had an

ullage volumeof approximately 60%and prior activities had tended to settle

the propellants toward the top of the tanks.

The conditions that occurred during the LM-3flight should not occur

during the nominal lunar mission since prior to the long braking burn, the

ullage volumeswill be small.
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PRESSURIZATIONSYSTEMEVALUATIONI

Theperformanceof the supercritical helium pressurization systemwas

considered satisfactory with the exception of the following:

i) Thehelium regulator outlet pressure and the engine interface
pressures exhibited an unexpecteddecayduring the initial
portion of the first descent engine maneuver(dockedburn).

2) An averagepressure decay of approximately 2.9 psi/hr in the
supercritical helium tank was indicated during the coast
period betweenthe first and secondDPSfirings. Normally,
it is expected that the pressure should rise due to heat leak
into the tank.

The ambient start bottle was loaded with approximately i.i ibm of

helium at a pressure of 1591 psia at approximately 70 ° F. At launch, the

pressure was approximately 1584 psia. Seven days prior to launch, the

oxidizer and fuel tank pressures were increased from their load pressures

to 160.1 and 169.6 psia respectively. At launch, the propellant tank pres-

sures had decreased to approximately 144 and 162 psia, respectively. Two

days prior to launch, the supercritical helium (SHe) tank was loaded with

approximately 48 ibm of liquid helium at a pad pressure of about 87 psia.

At launch, the pressure had risen to approximately 403 psia. The SHe tank

pressure increase during this period was approximately 7.8 psi/hr due to

normal heat leak into the system from the surrounding environment.

At 48 hours after launch, prior to pre-burn propellant tanks pressuri-

zation, the ambient helium bottle pressure was 1577 psia, the SHe tank

pressure was 717 psia, the oxidizer tank pressure was 107 psia and the fuel

tank pressure was 145 psia. The pressure decay in the ambient helium

bottle was probably due to temperature changes, while the pressure decay in

iReferences I, 3, 8, and 9.
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the propellant tanks wasattributed to helium going into solution. The

averageSHetank pressure rise from launchwas approximately 6.1 psi/hr.

Uponactivation of the ambient start bottle, the pressures increased to

234 and 235 psia in the oxidizer and fuel tanks respectively.

Internal Heat ExchangerFreezing

At engine ignition of the first DPSburn, the SHetank pressure was

approximately 743psia. During the first 33 secondsof the burn, the SHe

tank pressure decreasedto approximately 711 psia while the regulator out-

let and engine interface pressures decreasedfrom 235 to 180psia (Figure

21). If the helium systemhad operated correctly, the regulator outlet

pressure would have beenmaintained at a constant value of 243psia and

the SHetank pressure would have increased due to heat transfer through

the internal heat exchanger. If no helium had flowed, the SHetank pres-

sure would have remainedessentially constant at a pressure of 743 psia.

Analysis indicates that during this initial portion of the burn, less than

one poundof helium flowed from the tank. Temperaturedata indicates that

this initial flow by-passed the internal heat exchanger.

Figure 22 presents SHesystemtemperaturesmonitored during the first

portion of the DPSDockedBurn. The thermocouplelocated at the helium

bottle outlet showeda drop after ignition indicating helium flow. The

relatively low rate of changein the temperature indicated a low flowrate.

The internal heat exchangerthermocouplewaspeggedat the maximumvalue of

-65° F for the first 35 seconds of the burn. This was expected because the

helium had made one pass through the external (helium/fuel) heat exchanger.

The thermocouple located at the outlet of the internal heat exchanger showed

the same trend as the measurement at the SHe tank outlet except at a higher

temperature. If flow had occurred through the internal heat exchanger, the
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temperature at its outlet would have beenappreciably lower than measured.

Nochangein the helium temperaturewas recorded further downstreamat the

regulator inlet indicating that the secondand final pass through the ex-

ternal heat exchangerhadwarmedthe helium to the fuel temperature of

approximately 69° F.

Approximately 32 secondsafter engine ignition, a small rise in the

temperaturewasseen at the regulator inlet followed by a rapid drop in

temperature. Both the inlet and outlet temperatures of the internal heat

exchangerexperiencedsimilar drops. This indicated a surge of relatively

cold helium through the system. Thesmall increase in temperature at the

regulator inlet is probably due to compressionof the helium at this point

becauseof the initial pressure increase causedby the surge. TheSHetank

pressure also began to rise a few secondslater. Following the initial

surge, temperatures approachedthe anticipated operating levels of the

system.

Theseevents during the first burn have been determined to be the re-

sult of a blockage causedby partial freezing of the internal heat exchanger.

Theblockage was cleared approximately 35 secondsafter ignition allowing

the regulator outlet pressure to rise to the proper operating level. The

blockage occurred during SHetank servicing prior to launch whenair was

inadvertently drawninto the helium lines and froze in the SHetank internal

heat exchanger. Similar occurrencesof internal heat exchangerblockage

have occurred in ground tests. Theground support equipmentand servicing

procedures have beenmodified to eliminate the possibility of heat exchanger

freeze-up in the future.

Supercritical HeliumTankLeak

Uponcompletion of the first DPSburn the SHetank was isolated from
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the propellant tanks for the remainder of the mission by closing a solenoid

valve Just upstreamof the pressure regulator.

The SHetank pressure monitored during the coast period following the

DPSDockedBurn indicated that the pressure decreasedat an average rate of

approximately 2.9 psi/hr. Since the SHetank pressure should increase

during a coast due to the absorption of heat from the engine and surrounding

environment, a leak in the systemwas indicated.

Tests performed at WSTFindicated that the leak, determined to be approxi-

mately 0.I ib/hr, must have been upstreamof the internal heat exchanger.

The leak could not have beenan internal helium leak into the tank vacuum

jacket since this situation would causea tank pressure rise rather than a

pressure decay. Themost likely point at which the leak could have occurred

wasat the squib valve which isolates the SHetank from the remainderof

the systemprior to use. It is postulated that the leak beganwhenthe

squib valve wasactivated immediately following DPSengine ignition for

the first burn. It is suspectedthat at least one occurrence of this nature

has happenedin ground tests whena failure of an internally brazed squib

valve was found during drop tests of LM-2. The failure wasa crack in the

brazing material which was thin in the failed area. The time of the fail-

ure cannot be ascertained. However, it wasmost likely causedby the shock

of the squib firing to pressurize the DescentPropulsion System. Except for

the Apollo 5 mission (LM-I), which had no indication of a helium leak, the

flight configuration of SHetank, squib valve, bimetallic fitting and

associated pl_bing had not previously been tested together for the launch

and boost vibrations, squib valve firing shock and thermal shock environment.

The Apollo 9 SHesquib valve, like the LM-2squib valve, had valve

fittings which were internally brazed preventing inspection of the Joints.

22



Apollo i0 and subsequentsquib valves are externally brazed. It is ex-

pected that this failure will not recur in view of the presently used

techniques.

During the period betweenthe first and secondDPSmaneuvers, the oxi-

dizer interface pressure increased from approximately 242 to 257 psia while

the fuel interface pressure increased from approximately 240 to 244 psia.

Thesepressure increases are attributed to vaporization of propellants

and thermal expansionof the gaseoushelium in the tanks. Vapor pressures

are approximately 14.8 and 2.2 psia at 70° F for the oxidizer and fuel

respectively.
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PQGSEVALUATIONANDPROPELLANTLOADING

Propellant Quantity Gaging System

At engine ignition of the dockedburn, all propellant gageswere

reading the maximumlevel of 95%. Shortly after the throttle wasmovedto

the FTPsetting, the gagesbegan to indicate propellant consumptionat ap-

proximately 29, 33, 29, and 27 secondsafter ignition for Oxidizer Tank

No. 1 (Ox I), Oxidizer TankNo. 2 (Ox2), Fuel TankNo. 1 (Fu i), and Fuel

TankNo. 2 (Fu 2), respectively.

At approximately 33 secondsafter ignition the gageswere reading

94.5, 95.0, 94.1 and 93.5%for Ox i, Ox2, Fu I, and Fu 2, respectively.

This indicated that initially there wasapproximately 0.5%moreoxidizer

in Ox2 than in Ox1 and 0.6%more fuel in Fu 1 than in Fu 2. The differ-

ence in the oxidizer tanks increased with time such that at the end of

the burn, there wasapproximately 3.0%difference with the Ox 1 gagereading

40%and the Ox 2 gagereading 43%. Hadthe initially indicated unbalance

betweenthe tanks been real, the connecting balance line betweenthe oxi-

dizer tanks should have causedthe quantities to convergewith time. Engine

thrust vector direction can cause propellant unbalance, but during the

dockedburn, the vehicle center of gravity and engine gimbal angles were

such as to preclude this possibility. It wasconcluded, therefore, that the

initial differences were due to system inaccuracies. A like conclusion was

madefor the indicated fuel tank unbalancesince the quantities in Fu 1 and

Fu 2 first convergedand then diverged such that at engine shutdownthe

Fu 1 gageread 40.7%and the Fu 2 gageread 41.5%.

The approximatepercent rates of changeduring the FTPportion were

0.182, 0.173, 0.183 and 0.174 %/secfor the Ox i, Ox2, Fu 1 and Fu 2 gages,
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respectively, and indicate a considerable difference (0.5 ibm/sec of oxidi-

zer and 0.3 ibm/sec of fuel), betweenthe propellant flow rates from like

propellant tanks. Consideration of the engine gimbal angles and the feed

line characteristics and configuration indicate that these differences in

flow rates do not appear reasonable. ThePropulsion Analysis Programcal-

culated corresponding percentage rates of 0.174, 0.174, 0.175, and 0. 175

%/sec indicating that the Ox2 and the Fu 2 gagesbest represented the

actual flow rates.

With the exception of the Ox 2 gage, quantity readings during the

portion of the burn analyzed appear to be within the expectedaccuracy of

1.3%. Table 5 presents a comparisonof the PerformanceAnalysis Program

results to measuredflight data. It is apparent from the Table that a bias

of 1.2 percent would allow the Ox2 gageto also be within the expected

accuracy.

At ignition of the secondand third DPSmaneuvers,the propellant

gageswere in error, reading quantities of I0 to 50 percent more than were

actually in the tanks. As the burns progressed, the readings approached

the correct values but at engine shutdownthe levels had not yet completely

stabilized. This indicates that either the RCSullage maneuverperformed

prior to DPSengine ignition wasnot sufficient to completely settle the

propellants, or that at the relatively low vehicle acceleration conditions,

propellant tended to cling to the gaging probes thus creating the erroneous

output. The acceleration levels ranged from approximately two to six

ft/sec 2 during these two burns. Themaximumacceleration experienceddur-

ing the DockedBurnwasalso approximately six ft/sec 2. The gaging system

is designed to operate reliably at acceleration levels greater than 5.4

ft/sec 2. Thus, all DPSoperation during Apollo 9 wasnear or less than the
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lower reliable operating limit of the gaging system.

Since the gaging system is not calibrated inside the propellant tanks

at normal operating pressures, the analysis of the system is somewhat ham-

pered. It also appears that neither repeatability nor carefully controlled

dynamic tests of the system are performed. It is believed that a signifi-

cant amount of uncertainty could be eliminated if such tests were carried

out •

Propellant Loading

The propellant quantities loaded were as planned. Prior to actual

loading, density determinations were made from three samples of each pro-

pellant to allow for correct off-loading of the planned overfill. An aver-

age oxidizer density of 90.25 ibm/ft 3 and an average fuel density of 56.46

Ibm/ft 3 under a pressure of 240 psia and at a temperature of 70°F were

determined from the sample. Propellant quantities of 11062.7 ibm of oxidizer

at a temperature of 69.6°F and a pressure of 51.7 psig and 6977.2 ibm of

fuel at a temperature of 70.5°F and a pressure of 29.2 psig were loaded.

(Reference i0) The total quantity of propellant on board at launch was

18039.9 ibm.
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ENGINETRANSIENTANALYSISI

Themission duty cycle of the DPSduring Apollo 9 included three

starts at the minimumthrottle setting, two shutdownsat approximately 40%

throttle and one shutdownat the minimumthrottle setting. Manual throttling

to several different thrust settings wasperformed during the first DPS

maneuverand manualthrottling from minimumthrust to approximately 40%

thrust wasaccomplishedduring the secondDPSmaneuver.

CombustionDisturbances

Due to the blockage in the internal heat exchangerof the SHe tank,

the DPSessentially operated in a blowdownmodefor the initial portion of

the dockedburn. Becauseof the low interface pressures arising from this

situation, the engine experienced rougher than normal combustionat FTP.

Thechamberpressure experiencedoscillations of approximately ±8 psia com-

pared to approximately ±4 psia later in the FTPportion of the burn when

systempressures were nominal. Also, during the early portion of FTPopera-

tion, four combustiondisturbances (or "pops") of greater than 20 psia were

observed. Twopopsoccurred near the end of the FTPportion. All disturb-

ances dampedout in less than 0.01 seconds. The rough combustionhas been

observedduring ground tests and is considered characteristic of the engine

under the systemconditions experienced. Thepops have also beenobserved

during ground tests and are considered characteristic of the engine.

Start and ShutdownTransients

The ignition delay from fire switch (FS-I) to first rise in chamber

pressure wasapproximately 1.4, 0.7 and 0.7 for the first, secondand third

starts respectively. Engine ignition delay is a function of priming
1Reference 6
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conditions, engine valve response time and pressure levels. The pressure

levels and valve responsetime were approximately equal for all three burns.

Thedifference in time betweenthe first and subsequentstarts appears to

be becauseof a difference in priming conditions. The first burn waswith

no propellant betweenthe engine prevalve (actuator isolation valves) and

the engine valve actuators, and no propellant betweenthe series engine

shutoff valves. Theseareas were primed with liquid for the secondand

third burn. Similar observations were maderelating to starts performed

during the Apollo 5/LM-I Mission.

A summaryof the start and shutdowntransients for the first, second

and third DPSmaneuversis presented in Table 6.

The transient time from FS-I to 90%of steady state thrust for minimum

thrust starts were within the specification limit of 4.0 seconds. There are

no specifications that relate to the time for shutdownsperformedfrom

throttle positions other than FTP. Reference i0 indicates that the expected

nominal decaytime is 0.6 and 4.0 secondsfor 40%and 12%shutdownsrespec-

tively. In the three sigmamaximumcase the decay times are expected to be

i.i and 7.0 seconds. It can be seen in Table 6 that shutdowntransient

times werewithin these expected limits.

There is no specification limit for total impulse during start or shut-

downs. There is, however, a repeatability requirement of ±i00 ibf-sec.

Therepeatability requirement wasnot met. However,this requirement should

only apply to starts and shutdownsto and from FTP. Groundtests have shown

that the impulse during low thrust starts and shutdownsare less repeatable

than during FTPtransients. Basedon ground test results, it is felt that

the start and shutdownimpulse repeatability wassatisfactory.
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Throttle Response

During the DockedBurn, the engine wascommandedto several different

throttle settings to demonstrateadequateengine throttle response. Except

for throttling to and from FTP, all throttling wasexecutedby manualcom-

mands. Themanualthrottle changeswere maderelatively slowly, being

performedas throttling rampsover approximately two to three secondswhile

the throttling to and from FTPwere very rapid, causedby step changesin

engine voltage commandedby the LMGuidanceComputer. Table 7 presents

the throttle changesexecutedduring this burn. The engine throttle re-

sponseappearednominal with the engine chamberpressure respondingwithin

0.15 secondsafter the initiation of a throttling command.During the

slow manualthrottling, the chamberpressure tracked the commandsvery well,

reaching steady state operation at the next throttle position with no dis-

cernible lag comparedto engine voltage. Table 8 presents a summaryof the

total response time for each of the commandsexecuted during the burn.

The throttling performedduring the dockedburn cannot be clearly com-

pared with specification requirements. There are two specifications: i)

minimumto maximumthrust within 1.0 seconds, and 2) maximumto 50%thrust

within 0.5 seconds. Theserequirements are for step commandsignal to the

engine. No throttling performedduring Apollo 9 were over the specified

throttling range although the throttling to and from FTPwassimilar. In

both of these cases, the specification response time limits were not ex-

ceeded.

The throttle response time for the secondDPSburn wasnot analyzed

since i) the throttle changewasperformedvery slowly and 2) the helium

ingestion which occurred during this burn mademeaningful analysis difficult.
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TABLE1

DPSMISSIONDUTYCYCLE

FS-I FS-2
BURN (hr:min: sec) (hr:min: sec)

DPS 1 49:41:34.7 (2) 49:47:44.4 (2)

DPS 2 93:47:34.4 (1) 93:47:54.3

DPS 3 95:39:08.3 (2) 95:39:30.6 (2)

BURN DURATION

(seqs),

369.7

19.7

22.3

VELOCITY

(ft/sec)

1741.7

89.3

42.2

CHANGE

(1)Times are from

(2)Reference 6

LM Guidance Computer Downlink Data - GG0001X
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TABLE2

LM-3DPSENGINEANDFEEDSYSTEMPHYSICAL

CHARACTERISTICS

ENGINE

EngineNumber

ChamberThroat Area, In2

Nozzle Exit Area, In2

Nozzle ExpansionRatio

Oxidizer Interface To Chamber
lbm-sec 2

Resistance At FTP
ibf-ft 5

Fuel Interface to Chamber

lbm-sec 2
Resistance at FTP

lbf-ft 5

1030

53.9621

2569.74

47.64

3934.03

6220.0

FEED SYSTEM

Oxidizer Propellant Tanks, Total

Ambient Volume, ft 3 126.04

Fuel Propellant Tanks, Total

Ambient Volume, ft 3 126.04

Oxidizer Tank to Interface

lbm-sec 2
Resistance,

5
ibf-ft

455.112

Fuel Tank to Interface

2
ibm-sec

Resistance, lbf-ft 5

661.702

ITRW No. 01827-6122-T000, TRW LM Descent Engine Serial No. 1030,

Acceptance Test Performance Report Paragraph 6.9, ii December 1967.

2GAEC Cold Flow Tests

3TWX-MSG04900, 20 March 1968, from R. D. Baker, TRW/LA "Hydraulic

Resistances for LMDE S/N 1030."

4Approximate Values
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TABLE3

FLIGHTDATAUSEDIN STEADYSTATEANALYSIS

MEASUREMENT
NUMBER

GQ3611P
GQ4111P
GQ3666P

GQ4116P

GQ6501
GQ6506P
GQ3603Q
GQ3604Q
GQ4103Q
GQ4104Q
GQ3718T
GQ3719T
GQ3811T
GQ4218T
GQ4219T
GQ4311T
GGO001X

DESCRIPTION

Pressure, Engine Fuel Interface

Pressure, Engine Oxidizer Interface

Pressure Difference, Fuel Tank Bottom
to Interface

Pressure Difference, Oxidizer Tank

Bottom to Interface

Pressure Fuel Injector Inlet

Pressure Oxidizer Injector Inlet

Quantity Fuel Tank No. 1

Quantity Fuel Tank No. 2

Quantity Oxidizer Tank No. 1

Quantity Oxidizer Tank No. 2

Temperature Fuel Bulk Tank No. 1

Temperature

Temperature

Temperature

Temperature

Temperature

Fuel Bulk Tank No. 2

Fuel Interface

Oxidizer Bulk Tank No. 1

Oxidizer Bulk Tank No. 2

Oxidizer Interface

PGNS Downlink Data

SAMPLE RATE

RANGE SAMPLE/SEC

0-300 psia Continuous

0-300 psia 1

0-35 psid Continuous

0-35 psid Continuous

0-300 psia Continuous

0-300 psia Continuous

0-95 percent 1

0-95 percent 1

0-95 percent 1

0-95 percent 1

20-120 ° F 1

20-120 ° F 1

0-200 ° F Continuous

20-120°F 1

20-120 ° F 1

0-200 ° F Continuous

40 Bits 1/2
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